critical to identify etiologic factors and improve treatment efficiency.
Prostate enlargement is a leading risk factor of male LUTS [3] [4] [5] but mounting evidence implicates additional factors including prostatic fibrosis. [6] [7] [8] [9] [10] [11] [12] [13] Human periurethral prostatic fibrosis correlates with tissue stiffness and LUTS severity. 13 Prostatic fibrosis also correlates with histological inflammation, a predictor of clinical progression in men with urinary dysfunction. 9, 14 A significant barrier to pinpointing the etiology of prostate-related urinary dysfunction has been scarcity of high-quality prostate tissue from which to survey regional collagen content and correlate it with other known risk factors such as gland volume, inflammation, age, and circulating hormone levels. Previously published studies focus solely on periurethral tissue obtained from radical prostatectomy (RP) or transurethral resection of their prostate (TURP) surgeries. 11 Tissues obtained from TURP are often damaged by cautery instruments, thereby complicating collagen analysis, and peripheral zone and capsule are not typically collected during TURP, limiting regions that can be assessed. RP specimens are only removed under conditions of severe urinary symptoms or prostate cancer; there is no disease-free or treatment-free and age-matched control prostate for comparative analyses. For these reasons, many researchers are turning to nonhuman species to identify mechanisms for, and physiological consequences of, prostatic fibrosis.
Mice are commonly used to study prostate disease, and although urinary dysfunction can be driven experimentally, it does not develop spontaneously in mice. 15, 16 In addition, the anatomical organization of mouse prostatic ducts differs from that of humans, with mice having a multi-lobed prostate in place of a zonal gland. Canine prostate has anatomical and histological features that resemble human prostate, and intact canines are the only non-human species known to spontaneously develop benign prostatic enlargement and associated sequelae including urinary, ejaculatory, excretory, systemic, and/or locomotive dysfunction. 17 In this report, we stained whole transverse sections of human, canine, and mouse prostate using a fluorescent picrosirius red staining method developed in our laboratory 18 and compared collagen organization across species, noting similarity between dog and human.
We also used publicly accessible software developed at the University of Wisconsin-Madison 19 to quantify collagen and test the hypothesis that prostatic collagens fibers in old intact dogs are longer, thicker, and denser than those in young intact or old castrated dogs.
We found regional differences in canine prostatic collagen density. three to 5-year-old (middle aged) dogs were excluded from this study, leaving four groups: old intact (n = 4), young intact (n = 9), old neutered (n = 14), and young neutered (n = 4). Demographic information is shown in Table 1 .
Prostates were fixed and stored in neutral-buffered formalin.
Prostates were bisected by a single dorsal-ventral cut at cranial-caudal midline and then cut into wedges suitable for embedding ( Figure 1B ).
Wedges were oriented as shown in Figure 1C , embedded in 
Old intact were significantly older than young intact (P = 4 × 10
). b Old neutered were significantly older than young neutered (P = 1.5 × 10
−6
). 
| Picrosirius red staining and imaging
Picrosirius red staining was achieved by incubating slides for 1 h at 25°C in 0.5 g of Direct Red 80 (2610-10-8; Sigma-Aldrich Corp., St.
Louis, MO) in 500 mL of saturated picric acid (P6744-1GA;
Sigma-Aldrich Corp.). Slides were washed twice with acidified water (0.5% acetic acid), dehydrated in a graded ethanol series, cleared in xylene, mounted with Richard-Allan toluene-based mounting medium (4112APG; Thermo Fisher Scientific).
| Dog
Two slides were imaged per dog using a fluorescent detection Lobes are further divided by collagenous capsular trabeculae (arrowhead). We divided the prostate into four regions to assess collagen architecture across the gland: prostatic urethra (U), periurethral region (Pu, extends 918 µm outward from the urethra), peripheral region (Pp, extends 918 µm inward from the capsule), and capsule. Three representative images were taken from each region (ex.
[b′]) per section, and two sections were taken per prostate. (B) CT FIRE recognized and traced fibers (b″) on the representative image (b) and gave length and diameter of each fiber lumen. The periurethral region extended outward 918 μm from where the collagen switched from circumferentially wrapping the urethra to branching outward in a web-like fashion. The peripheral region extended 918 μm from the capsular region. Images were analyzed using publicly accessible CT FIRE software developed at the University of Wisconsin-Madison. 19 This software detects and quantifies fiber-like structures in images ( Figure 2B ). For this study, fiber length, diameter, and density were measured. Length and diameter were measured in μm and density was measured in number of fibers per mm 2 .
| Mouse and human for comparative transverse sections
One slide from human and one slide from mouse were imaged in whole at 10× and 20×, respectively, using Keyence BZ-X700 microscope and images were stitched and compressed into whole transverse images.
| Statistical analysis
Statistical Analysis was performed using RStudio (Version 1.0.153-©
2009-2017 RStudio, Inc.). Homogeneity of variance was tested using
Bartlett's Test and all groups determined homogeneous (P > 0.05).
Groups were compared using analysis of variance (ANOVA) followed by Tukey's post hoc analysis. The significance threshold was set at P < 0.05 and trend threshold at P < 0.10.
| RESULTS
Canines and humans spontaneously develop prostate-related urinary complications and mice are increasingly used to model prostate-related urinary dysfunction in higher order animals.
Collagen architecture was previously described in portions of human prostate 13 Table 2 , and representative images from each group/region are given in 
| Fiber diameter
The thickest fibers are in the old intact male periurethral region (2.624 ± 0.02 µm) while the thinnest fibers are in the young neutered male capsular region (2.209 ± 0.02 µm). For all groups except old intact, the prostatic urethral region followed by capsular region harbor the thinnest collagen fibers. In the case of old intact males, capsular fibers are thicker than urethral fibers. The fact that this shift toward thicker fibers in the capsule is only found in intact males, makes the likelihood of it contributing to LUTS greater than other changes in collagen characteristics Periurethral collagen fibers in old intact and young males are thicker than peripheral fibers. Peripheral fibers are thicker than periurethral fibers in old neutered males. 
| Fiber density

| Impact of age
Age only influences prostatic collagen architecture of intact male dogs.
Prostatic capsular fibers are thicker in old intact than in young intact males, P = 0.0470 ( Figure 5A ). Aging increases prostatic collagen density, as peripheral region prostatic collagen fibers are significantly denser in old versus young intact males, P = 0.0251 ( Figure 5B ). Aging has little impact on prostatic collagen fiber length (it did not differ between old and young dogs).
| Impact of castration
Castration reduced collagen fiber length. Capsular collagen fibers in old intact males are trending toward longer than those in old neutered males, P = 0.0793, and are significantly longer in young intact versus neutered males, P = 0.0041 (Figure 5a ). Capsule fibers are thicker in old intact than in old neutered males, P = 0.0118 ( Figure 5b ). As anticipated by our method of determining density, neutering also increases prostatic collagen density. Periurethral region collagens of old and young intact were significantly less dense than that of old (P < 0.0001) and young (P < 0.0001) neutered (Figures 5c and 5d ).
Peripheral region collagens of old intact males trended toward being less dense than that of old neutered males (P = 0.0853) and are significantly less dense in young intact versus neutered males, P < 0.0001 (Figure 5e ). Capsular collagen fibers are also less dense in young intact versus neutered males, P < 0.0001 (Figure 5f ).
| DISCUSSION
Prostatic collagen content and stiffness are associated with LUTS severity in men but how prostatic collagens are organized and mechanisms driving their accumulation are only beginning to be explored. Here, we provided a number of critical resources to advance this research area. First, we provide the first direct comparisons of canine, human, and mouse prostatic collagen organization to improve understanding of model systems and their relationship to humans. We concluded that canine prostatic collagen architecture is very similar to that of humans, particularly with respect to the dense collagen matrix surrounding urethral epithelium. We showed in side-by-side comparison that the canine prostate contains a capsule similar to human prostatic capsule; thereby addressing a long-standing controversy over existence of a capsule in canine prostate. 21, 22 A surprising discovery was that the circumferential band of collagens directly surrounding the urethra in human and canine prostate contained the most visually prominent picrosirius red staining of collagen even more prominent than the capsule. This observation was possible due to the novel way in which we visualized collagens in transverse sections from the whole gland to facilitate comparisons between regions.
Though it has been widely speculated that the prostatic capsule contributes to LUTS by restricting prostate gland enlargement, the new finding that the urethral region harbors a substantial collagen network raises new questions about its potential role as a structural and signaling molecule in gland homeostasis and urinary physiology.
Previous studies correlated prostatic rigidity, collagen content, and elastin deficiencies with LUTS. 6, [9] [10] [11] 13, 23, 24 This study is the first to evaluate collagen content across the entire gland, including urethral and capsular tissue, offering new results to address two mechanisms by which prostatic fibrosis could drive LUTS. The first potential mechanism is that collagen accumulation in the prostatic capsule increases its rigidity, and in conjunction with an expanded transition zone due to BPH, increases urethral pressure to drive an obstructive urinary phenotype. One piece of evidence supporting this mechanism is the established success of the transurethral incision of the prostate (TUIP) procedure, in which the prostatic capsule is incised to relieve pressure on the underlying urethra. 25 A second mechanism by which prostatic collagen accumulation could | 845 impair urinary flow is through a direct stiffening of the prostatic urethra to reduce its compliance. In the resting state, the lumen of the prostatic urethra is collapsed. Micturition causes the urethra to expand and accommodate urine passage. 26 A lack of urethral compliance due to urethral fibrosis could underlie the obstructive phenotype seen in some men with LUTS. Our study did not find any changes in urethral collagen with age or castration, however changes in urethral collagen could be specific to human, or only occur in the most severe LUTS cases.
This study leverages novel software to quantitatively assess collagen characteristics in different regions of the prostate, and determines changes in collagen fibers with age or castration.
Without this software we would not have been able to do individual fiber analysis with diameter and length measurements.
This detailed analysis can be applied to future studies in order to continue to improve collagen analysis and correlate with LUTS Castration increases periurethral and peripheral region collagen fiber density. Due to our methods we were not surprised that castration increases collagen fiber density, however, we considered the several possible explanations. First, it is possible that collagen density increases directly in response to castration. A study in rats found that castration increased levels of fibroblastic growth factors (FGF) 2, 7, and 8. 27 Further, in cornea, FGF2
induces the secretion of type I collagen. 28 If similar increases of FGF are present in canine following castration, and if FGF2 also induces the secretion of type I collagen in canine prostate, it could explain the increase in collagen density found with castration in the periurethral and peripheral regions. Transforming Growth Factor-β (TGF-β) mRNA expression is also increased following castration 29 and known to drive fibroblast to myofibroblast transition, epithelial-mesenchymal transition, and extracellular matrix deposition. 30 Another potential mechanism by which prostatic collagens could become denser upon castration is that the glandular atrophy causes the prostate to collapse into a smaller space, bringing collagen fibers into closer proximity. Comparisons of percent glandular tissue and stroma tissue in these various age and androgen status groups do not to our knowledge exist and warrant future study. Impact of collagen on prostate cancer risk was not directly addressed in this study. However, neutered canines are more likely than intact to develop prostate cancer. 20 Further study is needed, but increased density in the periurethral and peripheral region in neutered canines could be related to the increased incidence of neoplasia in male neutered dogs.
Most studies of prostatic collages and their influence on LUTS have focused on collagens as structural molecules. However, there is growing recognition in the breast cancer field that collagens also function as signaling molecules which influence tumor initiation and progression. 31 One mechanism supported by recent data is that collagens drive myodifferentiation of fibroblasts and epithelial-mesenchymal transition through soluble growth factors and chemokines. [32] [33] [34] These influences of collagen architecture on fibroblasts and microenvironment could occur concurrently with the changes in prostate scaffolding, leading to further changes in urinary function.
| CONCLUSIONS
Our results support the hypothesis that in canines, collagen fibers are longest in the capsule, thickest in the periurethral region, and densest in the prostatic urethra. The overall prostatic collagen network in old canines is denser and consists of longer and thicker fibers than in young canines, and neutered canines are exempt from these age-related changes. These results shed new light on the natural history of collagen dynamics in canines, which, like humans, spontaneously develops benign prostatic enlargement and related sequelae. 
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